A new in situ climatology of cirrus ice water content (IWC) is used, together with observed molar ratios of HNO 3 /H 2 O in cirrus ice particles, to estimate the range of HNO 3 content in cirrus ice in the temperature interval 185-240 K. We find that nearly over the complete temperature range HNO 3 percentages in ice between 0.01 and 100% are possible in cirrus clouds and that IWC is a major parameter determining the content of HNO 3 in ice at given temperatures. Considering average conditions, the HNO 3 content increases with decreasing temperature from 1% to about 10% in the range 240-200 K. For colder ice clouds, the average HNO 3 content again decreases down to 6%. At higher temperatures, less efficient HNO 3 uptake limits the HNO 3 content in cirrus ice, while at low temperatures small IWCs permit only little HNO 3 in ice, thus causing the convex-shaped average HNO 3 content curve. The highest HNO 3 content is expected in tropical ice clouds with very large IWCs, especially at temperatures between 190 and 210 K. Thus, tropical cirrus clouds show the highest potential to vertically redistribute HNO 3 .
Introduction
Vertical redistribution of nitric acid (HNO 3 ) by sedimenting cirrus ice crystals is discussed as a possible mechanism for lowering upper tropospheric ozone. A reduction of the greenhouse gas ozone would give negative feedback to climate. The temperature in the tropopause region is very sensitive to changes in ozone mixing ratio. For example, Forster and Joshi (2005) estimate, based on a narrowband fixed dynamical heating model, that the annual average temperature change at the tropical coldpoint tropopause for a 10% increase in ozone is 0.6 K. Meier and Hendricks (2002) report a maximum ozone reduction of about 14%, while recently von Kuhlmann and Lawrence (2006) estimated a lower maximum value of 5% by using a global-scale chemistry-transport model. However, the authors state that the largest uncertainty of this result is likely to be linked to the actual theory describing the HNO 3 uptake process on ice.
Dissociative Langmuir isotherms determining HNO 3 as equilibrium ice surface coverages have often been employed in models (e.g. by von Kuhlmann and Lawrence, 2006) , but, as shown by Popp et al. (2004) , could not satisfactorily fit atmospheric measurements. Kärcher (2005) and Krämer et al. (2006) show that adsorption of HNO 3 on the ice surfaces is not the only pathway for HNO 3 in ice, but that a substantial amount of HNO 3 may enter the ice via freezing of liquid ternary aerosol particles. Further, Kärcher (2005) demonstrates that another important pathway of HNO 3 in cirrus is trapping of HNO 3 by growing ice crystals.
Here, we derive parametrizations of the HNO 3 content in ice for use in global models from field measurements by using a new approch to describe the HNO 3 content of cirrus clouds for most atmospheric conditions. The first step is to compile a large database of HNO 3 content in cirrus for a broad range of atmospheric conditions. In the last decade, several field campaigns were performed where the amount of HNO 3 in cirrus ice (HNO 3 ice ) -amongst other parameters -was measured in different geographical regions (Table I) . Voigt et al. (2006) = gas phase + parti − culate HNO 3 ) is found by Voigt et al. (2006) . Kärcher and Voigt (2006) expressed the same dataset as a fraction of HNO total 3 in ice 
We here develop a climatology of average F ice HNO 3 as well as the total range of HNO 3 content in cirrus ice in the temperature range 185-240 K. For that purpose, firstly the new in situ IWC climatology (Schiller et al., 2008) , derived from ten field campaigns and covering the temperature range 182-250 K, is used (see section 2.1). Secondly, a new climatology for M ice HNO 3 is derived from the database of Voigt et al. (2006) Schiller et al., 2008) with a forward-facing inlet sampling total water (= gas phase + particulate water). IWC was determined as the difference between total water and water vapour saturation with respect to ice. From the comprehensive dataset representing 27 hours flight time inside 52 Arctic, midlatitude and tropical cirrus clouds, Schiller et al. (2008) derived a new in situ climatology of IWC for the temperature range 182-250 K (Figure 1 ). The climatology encompasses the range of observed IWC by means of temperature-dependent functions (given in Table II) for the maximum (green), mean (red, without convective events) and minimum (orange) IWC. Schiller et al. (2008) also provide functions for mean IWC including convective envents as well as median IWC. Here, the mean IWC is used because the properties derived from IWC depend on the ice volume (Equation (3)). The functions are derived as fits through values in 1 K temperature bins. Schiller et al. (2008) provide a detailed description of IWC observations, and the derivation of the climatology and uncertainties. However, it should be noted that the uncertainty of individual data points is 11-23% for the low IWC for 195-182 K and 8-11% for 250-195 K; hereby, a potential systematic error can be estimated by the accuracy of the FISH calibration of 6% (details in Schiller et al., 2008) . These uncertainties are small compared to the wide range of IWC observed for a particular temperature bin.
From Figure 1 it can be seen that the IWC decreases with decreasing temperature while covering several orders of magnitude for each temperature. The dataset underlying the climatology includes cirrus clouds at various stages of development -from just formed very thin cirrus via fully developed to almost dissipated cirrus. The strong variation of IWC at certain temperatures is caused by varying cooling of raising air parcels that form ice clouds. The stronger the cooling of a vertically moving air parcel, the higher is the IWC of the developing cirrus ice cloud. This is caused by the increasing difference in ice saturation at the temperature of the initial air parcel and the temperature after cooling. Consequently, the decrease of the IWC band with decreasing temperature reflects the exponential decrease of the ice saturation value.
Also plotted in Figure 1 are mean IWC observed during selected field campaigns (i.e. POLSTAR, TROCCI-NOX, SCOUT-O 3 and CR-AVE). These data points will be discussed individually in section 3.1.
Molar ratio
in cirrus ice HNO 3 in cirrus ice was measured in a series of field experiments by means of forward-and aft-facing inlets of total reactive nitrogen (NO y ) instruments, or mass spectrometers that measure HNO 3 specifically. For this 907 work, we assume that condensed-phase reactive nitrogen measured by the NO y instruments is HNO 3 . The publications listed in Table I are shown in Figure 2 for all experiments. (For better differentiation, the term 'average' is used in combination with HNO 3 , while 'mean' is used for H 2 O quantities, though both denotes the arithmetic mean value.) Most of the data points are taken from Voigt et al. (2006) , reporting observations in the temperature range 195-240 K. Three new observations are added here, all representing averages of one cirrus penetration: one measurement is an extreme case of a very thin ice cloud, possibly in its formation stage (TROCCINOX 2005; Voigt et al., 2007) at a certain temperature also reflects different stages in the lifetime of cirrus, and the varying stages of the uptake process at which equilibrium of HNO 3 with the ice surfaces is reached.
We here derive temperature-dependent functions for minimum, average and maximum is similar to that presented by Kärcher and Voigt (2006) by applying a trapping model for HNO 3 uptake into ice crystals (not shown here).
Partitioning of HNO 3 in cirrus clouds
3.1. Overall HNO 3 partitioning
We transform Equation (1) (solid line in Figure 2 ) and the mean IWC (red line in Figure 1 ). The maximum (dashed green) and minimum (dotted orange) amounts of HNO 3 in ice are derived similarly.
On average, the potential of cirrus ice to take up HNO 3 is about 1-10 pptv over the whole temperature range, but the total span ranges from 0.005 pptv at low IWC or molar ratios M values are possible in specific situations, but would not affect the result discussed here.) At a given temperature nearly every value of F ice HNO 3 between about 0.01 and 100% is possible in cirrus clouds over almost the the total temperature range. In situ climatology of maximum, mean (without convective events) and minimum ice water content (Schiller et al., 2008) . Diamonds denote mean field observations; for colour code see Figure 2 . This figure is available in colour online at www.interscience.wiley.com/qj ) of HNO 3 ice to IWC in cirrus ice. Lines show maximum, average, and minimum molar ratios, diamonds are average field observations, and data points except SCOUT-O 3 and CR-AVE are adapted from Voigt et al. (2006 Voigt et al. ( , 2007 . This figure is available in colour online at www.interscience.wiley.com/qj of thin cirrus clouds while the green curves represent cirrus clouds with a very high ice water mass; due to the high IWC, these clouds have the highest potential to efficiently scavenge the available HNO 3 . For temperatures larger than 220 K, the maximum IWC is nearly constant (Figure 1 ), but M ice HNO 3 is so small (Figure 2) Kärcher and Voigt, 2006) , and at low temperatures the low IWC, limits HNO 3 uptake in cirrus ice, thus causing the convex-shaped broad range describing the fraction of HNO 3 in cirrus ice clouds.
Also plotted in Figure 4 are observed average percentages of HNO from the climatology reported here shows the slight convex form discussed above.
This difference can be traced back to the climatology of IWC. The IWC used by Kärcher and Voigt (2006) in Arctic, midlatitude and tropical cirrus, derived from (a). This figure is available in colour online at www.interscience.wiley.com/qj observations in midlatitude clouds in the temperature range 203-240 K and extrapolated down to 195 K by Kärcher and Voigt (2006) (Figure 5(a) , dotted line). Compared to the IWC used here (Figure 5(a) , solid line), the Wang and Sassen (2002) IWC is very similar for temperatures higher than about 210 K, but for lower temperatures (i.e. the extrapolated range) the IWC of the new in situ climatology (Schiller et al., 2008 ) strongly decreases. A higher IWC leads to the higher HNO 3 fractions in ice with decreasing temperature reported by Kärcher and Voigt (2006) , compared with the convex-shaped F ice HNO 3 curve presented here.
3.2. Average HNO 3 in Arctic, midlatitude and tropical cirrus Based on climatologies of mean IWC for Arctic, midlatitude and tropical cirrus ( Figure 6(a) ; Schiller et al., 2008) , we derived the average HNO 3 fraction in ice, determines F ice HNO 3 ,avg , resulting in a strong increase of HNO 3 fractional uptake in ice with decreasing temperature that reaches 20% at the lowest midlatitude cirrus temperature of 203 K. The temperature dependence of the midlatitude F ice HNO 3 ,avg is of the type proposed by Kärcher and Voigt (2006) (Figure 5(b) , dotted curve).
Tropical cirrus (red line) cover the broadest temperature (185-240 K) and IWC range. Schiller et al. (2008) gives details of the campaigns. This figure is available in colour online at www.interscience.wiley.com/qj strong curvature, caused by the mechanisms explained in the previous section. Apart from the varying temperature ranges, the differences in the mean IWC climatologies and HNO 3 partitioning in cirrus between the different geographical regions are moderate. Thus, we recommend considering the Arctic, midlatitude or tropical temperature ranges when using the climatologies for model simulations.
Vertical distribution of HNO 3 in cirrus
In section 3.1 we have shown that IWC mainly determines the HNO 3 content of cirrus clouds at a given temperature. Thus, we use the average function for M ice HNO 3 (Table II) is small compared to the influence of varying IWC. In Figure 7 (b) the resulting F ice HNO 3 ,avg from 52 observed cirrus events, corresponding to 27 hours inside clouds, are plotted versus θ .
As shown in Figure 7 (a), the upper IWC envelope of Arctic and midlatitude cirrus reaches values up to a few hundreds of ppmv H 2 O throughout the observed θ range of 300-340 K. The tropical cirrus, found at higher θ levels, show a pronounced vertical structure: between 340 and 360 K, IWC reaches its maximum values of up to 1000 ppmv of condensed H 2 O, then decreases to about 1 ppmv at about 380 K, where the tropical tropopause is located. The highest IWCs at θ 340-360 K, i.e. higher then 100-10 ppmv, are identified as deep convection events (Schiller et al., 2008) . Likewise, the high IWCs detected above 380 K are attributed to overshooting events of deep convection. Here, IWC up to about 50 ppmv H 2 O are found to be transported from the troposphere to the top of the tropical tropopause layer at 410-420 K.
The corresponding F ice HNO 3 ,avg (Figure 7(b) ) show that in Arctic and midlatitude cirrus the upper envelope of HNO 3 content in ice increases from about 20% at 300 K to about 80% at 330 K. Tropical cirrus have the potential to take up all available HNO 3 between 350 and 370 K. Farther up at 380 K, where the cold-point tropopause is located, the maximum reaches only about 10%. In overshooting events above the tropopause, again high uptake of HNO 3 in cirrus up to 100% can be expected.
In summary, tropical cirrus clouds show the highest potential to vertically redistribute HNO 3 . However, midlatitude cirrus at lower altitudes can also transport substantial amounts of HNO 3 . Thus, below the tropopause a downward transport of HNO 3 by large ice crystals can occur. In addition, HNO 3 can be transported to the top of the tropical tropopause layer by overshooting deep convection events.
Summary and conclusions
We have provided a climatological view of the partitioning of HNO 3 in cirrus clouds in dependence on temperature. The analysis is based on a new in situ climatology of cirrus clouds IWC (Schiller et al., 2008) , and a survey of molar ratios of HNO 3 /H 2 O in ice crystals, M ice HNO 3 . The major results are:
• The dataset of observed M ice HNO 3 causes this decrease, while at lower temperatures the strong decrease of IWC is responsible for the low HNO 3 content in ice. The overall range of HNO 3 percentages in cirrus ice is estimated to 0.01 and 100% at given temperatures over nearly the whole temperature range. This reflects the variability of atmospheric conditions determining the HNO 3 content, which are cloud age and corresponding IWC, total available HNO 3 , and the stage of the HNO 3 uptake process in relation to equilibrium.
• An average vertical distribution of the HNO 3 content of ice clouds is derived, showing that tropical convective cirrus clouds have, due to their high IWC, the highest potential to vertically redistribute HNO 3 by sedimenting ice crystals. Equally, HNO 3 may be uplifted by ice crystals to the top of the tropical tropopause layer in overshooting deep convection events.
The extent to which the upper tropospheric (and maybe lower stratospheric) chemistry can be disturbed by transport of HNO 3 through the tropical tropopause layer is an important issue for future investigations.
